Unphysical 3-form flux singularities near anti-branes have been argued to get resolved in the classical supergravity regime when brane polarisation is properly taken into account. The only example that does not seem to fit this logic is the D6-brane because of a no-go theorem for well behaved supergravity solutions with negative D6 charge. In this paper we first review the existing results demonstrating how brane polarisation resolves singularities for D3-branes and then we improve on the description of the polarisation of D6-branes into KK5 dipoles. We argue that the meta-stable state carries exactly zero (anti-)D6 charge, which is the unique way around the no-go theorem. We then provide numerical evidence for well-behaved solutions that describe such meta-stable states.
Introduction
Branes and anti-branes preserve different supercharges. When both objects are residing in a single spacetime the setup therefore tends to break all supersymmetries. A related phenomenon is the non-zero force that attracts branes and anti-branes eventually leading to annihilation into closed string radiation. For that reason anti-branes are not the best candidate ingredients when the goal is to break supersymmetry in a meta-stable fashion. It is however possible to dissolve branes into fluxes and then combine with an anti-brane. Fluxes can carry brane charge (dissolved branes) due to the transgression terms in the Bianchi identity for Ramond-Ramond (RR) field strengths: dF 8−k = H 3 ∧ F 6−k + Qδ 9−k .
(1.1)
Here H 3 is the NSNS 3-form flux, F 8−k and F 6−k are RR fluxes and Qδ 9−k represents the localised magnetic RR charges induced by e.g. (anti-)Dk-branes. Note that Qδ 9−k is a (9 − k) form distribution. If the orientation of the latter form is opposite to H 3 ∧ F 6−k we denote the source anti-brane. These still break supersymmetry but it is not as clear that combining fluxes and anti-branes leads to a perturbative decay. The reason is that brane-flux decay has to proceed via the nucleation of branes out of the flux cloud, which can then annihilate the anti-brane. It is reasonable to expect that nucleation of branes out of flux clouds to be a non-perturbative process and hence anti-branes in flux clouds of opposite charge might be the ideal setup for meta-stable supersymmetry breaking in various contexts ranging from holographic duals to dynamical supersymmetry-breaking in strongly coupled gauge theories [1, 2] , to non-supersymmetric black hole microstates [3] and cosmological model building [4, 5] . Flux solutions in supergravity feature non-trivial topological cycles which are threaded by fluxes of various field strengths available in the theory. Let K be the flux quanta of the NSNS 3-form along one 3-cycle (commonly refereed to as the B -cycle) and M the quantum of RR F 6−k form along some (6 − k)-cycle (a.k.a. A-cycle). When p Dk-branes are introduced into the geometry which are point-like on the two cycles mentioned, then brane-flux decay occurs when fluxes of either H 3 or F 6−k drop by one unit at the expense of producing either M or K Dk-branes. After decay this results in M − p or K − p Dk-branes (if p < K and p < M ).
For the case of D3-branes inside the Klebanov-Strassler throat solution [6] , Kachru, Pearson, and Verlinde (KPV) [2] have described rather explicitly how this brane-flux decay proceeds in the NSNS sector and computed the effective potential for this decay process. The result is that for p/M small enough the decay is indeed non-perturbative and one can obtain a long lived vacuum. A priori it is not obvious what an effective potential in this case would mean since there is no obvious continuous degree of freedom (field) that mediates the decay. This issue was clarified by KPV in [2] by showing that brane-flux decay proceeds via brane polarisationà la Myers [7] . The p D3-branes "puff" into a spherical NS5-brane with worldvolume fluxes. That spherical NS5-brane wraps a contractible 2-cycle inside the 3-cycle threaded by F 3 flux. The brane feels two forces; on the one hand it would tend to collapse under its own weight and, on the other hand, it is forced to expand because of the background NSNS 3-form flux. KPV showed that at small enough p/M the whole setup finds a local balance of forces. The continuous degree of freedom that mediates the decay is the NS5 position on the S 3 . A similar story holds for the RR channel and for Dk-branes with k = 3 as long as k < 7. A pedagogical treatment of such examples of brane flux decay in simple flux throats for Dk-branes with general k is given in reference [8] .
Despite the elegant picture, the arguments behind meta-stable states for small p/M have been questioned over the years. The main issue is that none of the probe computations were carried in a regime were they are supposed to work. For example the NS5 action used in [2] is not a valid description at small string coupling and neither is the non-Abelian D3 action that was used in the same paper. This is not particular to D3's but applies to all situations including M2-brane meta-stable states [9] . One always has to rely on a description using a duality but in the "wrong regime". Not unrelated are worries about the backreaction of the probe. These worries cumulated in a series of papers [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] following on [25] (and [26] ), which claimed that the supergravity solutions corresponding to anti-branes have diverging NSNS 3-form fluxes
near the anti-branes. It was argued that the singularity cannot be interpreted as the local H 3 singular flux sourced by the polarised NS5-brane because it has the wrong degree of divergence and points in the wrong directions. Singular solutions of supergravity should always be treated with care since strictly speaking they bring us out of the supergravity regime and they could signal inconsistencies. Indeed, the singular flux can be interpreted as an indication of a perturbative runaway [27, 28] . Once the background would be non-stationary the singularity would get resolved: As time goes by the fluxes are being drawn towards the anti-branes until they reach a critical value at which perturbative brane-flux decay sets in, naturally resolving the infinite flux by letting the branes decay away. These explanations of the singularity were recently argued to be erroneous in [29] [30] [31] (see also [32] ).
The arguments of [29] relied on the situation with a single anti-brane (p = 1) and is therefore not amendable to a supergravity analysis which requires g s p 1. Instead the arguments were based on brane effective field theory methods and string theory intuition. The main result was that the flux clumping should be cut-off at string scale distance and then the clumping is still sufficiently small in order to prevent perturbative decay.
Instead the computations carried out in [31, 33] are applicable in the supergravity regime and showed that the singularities were an artefact of using a too restrictive supergravity Ansatz; in short the Ansatz did not include the polarised brane, which is predicted to be there from the probe analysis. This was already suggested earlier by Dymarsky in [34] (see also [35, 36] for related comments). Hence the singularities were indeed signalling instabilities, but not dangerous ones, they signalled that the D3 wants to polarise.
The same reasoning works for M2-branes and all Dk-branes with k < 5 [31] . The cases of an D5 and D6 are however special. The D5 does not decay to a single spherical NS5-branes but rather a pair of NS5-branes which between them carry D5-brane charge.
For D6-branes the situation is even more confusing. Brane-flux decay in the RR channel proceeds via D8-branes that discharge the F 0 flux but it can be shown [37] not to occur in the flux throat solution of [38] . Hence, as could be expected from naive application of Tduality, the decay proceeds in the NSNS channel via the polarisation into KK5 monopoles. This process is not as clear conceptually as the other polarisation channels but can be dealt with by considering the aforementioned T-dual process of D5-brane polarising into a pair of NS5-branes [8, 39] . Indeed for D5-branes polarising to a pair of D5-branes the A-cycle is a circle on which T-duality can be performed.
We recall the details of these special cases below. An important issue is that, unlike D3-branes, D5 and D6-branes polarise into branes of the same codimension. Hence they "attract" the background H 3 -flux more intensively than in the D3 case.
1 Furthermore the argument of [31, 33] outlined above fails for the case of the D6-branes. 2 The supergravity analysis of D6 background is however the case where most analytic control is at hand. This is a consequence of the isometry preserved by the brane. In fact it is a simple task to show that whenever Q 6 < 0 the H 3 -flux density is singular [17, 18] . In this paper we show that despite this argument, there is no reason to expect a singularity in the fully backreacted solutions. The reason is surprisingly simple; the meta-stable probes polarise rather strongly until they reach exactly the point where the monopole D6-brane charge vanishes. This simple observation was not made in [39] . The computation carried out in [39] assumed that the monopole charge was still non-zero and negative and then performed a cut-off at string scale (as done in [29] ) to compute the corrected probe potential finding it to be runaway. 3 We conclude that anti-branes are not examples where probe computations clash with fully backreacted treatments. This does not mean that anti-brane supersymmetrybreaking is without possible caveats. See [35, 36, [40] [41] [42] .
The rest of this paper is organised as follows. In Section 2 we recall the arguments of [17] for why configurations with non-zero D6 charges have unphysical singularities and why polarisation resolves the singularities for k < 5. In Section 3 we recall and improve on the probe computations of [39] by incorporating the tachyon dynamics, which turns out crucial in order to demonstrate the existence of meta-stable probes. We emphasise that the meta-stable state carries no D6 charge and that this is what is need to evade the no-go theorems for well behaved solutions. In Section 4 we briefly speculate about the existence of regular solutions and give partial evidence for them numerically, and we end with a discussion in Section 5. The reason polarisation resolves singularities for Dk-branes with k < 5, M2 and M5-branes is surprisingly simple and analytic [31, 33] . Therefore we sketch it here for the case of D3-branes.
The following Ansatz for the would-be supergravity solution describing an D3-brane can be written as (in Einstein frame)
where the dilaton φ and the functions α and A depend only on the coordinates of the transverse metric ds 2 6 that we leave unspecified. We have introduced the notation vol 4 = dx 0 ∧ dx 1 ∧ dx 2 ∧ dx 3 and the 2-form A 2 which is a gauge potential that determines H 7 . A priori the 3-form X 3 = dA 2 could contain non-exact pieces but they are shown to vanish in [22] . Up to a C 4 gauge transformation this is the most general Ansatz. For completeness we have included the possibility of having finite-temperature branes but we will mostly focus on the zero-temperature case. Starting from this Ansatz it was shown in [31, 33] inspired by [21, 22] that any consistent background must obey a generalised Smarr relation
which relates quantities measured in the UV and the IR. More precisely the energy density E, the surface gravity κ (which is related to temperature), and the D3-brane charge Q D3 are all defined in the asymptotic region of space-time, or the UV. On the other hand the generalised area A (related to entropy density) and chemical potentials Φ D3,NS5 are defined at the horizon of the brane system. In particular
and Φ NS5 is determined by A 2 on the horizon. The NS5-brane charge Q NS5 is also defined in the near-horizon region since it denotes the NS5 dipole charge (which is proportional to number of NS5-branes) of a polarised state. We refer to [31, 33] for details on how these quantities are defined. The central quantity in the discussion that follows will be the H 3 energy density 4) together with the Smarr relation (2.2). Let us focus on the case of D3-branes at zero temperature such that the first term in (2.2) vanishes. Using (2.4) and the standard behaviour of A and φ close to D3-branes, one can show [33] that Φ D3 must vanish for any solution that either has no singularity in H 3 flux or one that can be interpreted as sourced by NS5-branes. For point-like or smeared branes one can show that the last term in (2.2) vanishes. This is because the horizon topology of the brane system must be nontrivial in order for Q NS5 to be non-zero. This is the same as saying that D3-branes must polarise in order to carry NS5 dipole charge. Finally recall that D3-branes, which break supersymmetry, have E > 0. In fact their energy is simply two times the warped down D3-tension. Combining these facts we see that the Smarr relation implies that the chemical potential Φ D3 is non-zero. We therefore arrive at a contradiction. Furthermore by taking Φ D3 non-zero one reproduces the singularities found in [25] showing the consistency of our approach. A slightly more rigorous approach is to introduce a small non-zero temperature for which we expect a regular horizon surrounding the system of D3-branes. As explained in [31] , the Raychaudhuri equation combined with the Einstein equation implies that for a regular horizon H 7 must vanish when restricted to it. If it does not vanish one can show that the flux density of H 3 (2.4) diverges as before. The zero-temperature limit therefore reproduces our previous result. The only way to maintain both E > 0 and Φ D3 = 0 is to have a non-zero Q 5 . In other words, the Ansatz should be rich enough to allow for the NS5-brane, predicted in the probe analysis, to appear and backreact on the geometry.
Singular D6-branes
To describe D6-branes we first need a flux throat in which the brane is immersed. This solution was found by Janssen et al. in [38] and we briefly recall it here. The solution in string frame is given by
where
is the 7-dimensional Minkowski metric, S is a function of the radial coordinate r, and Ω 2 is the volume form on the 2-sphere. We denote r-derivatives of the function S by a prime. The Bianchi identity of F 2 implies a second order differential equation for S given by
The solution of which is
with v and q two independent integration constants. Note that q has the physical interpretation of localised D6-brane sources at the origin r = 0 but since we are interested in a pure flux background we set it to zero. This is the flux background solution to which we will add probe D6-branes. The fluxes themselves carry delocalised D6-brane charge throughout the throat. It is easy to verify that probe D6-branes feel no-forces in this solution whereas D6-branes are pushed towards r = 0. Because of the no-force property of the solution we often refer to it as being "extremal" or even "BPS". Note however that all supersymmetries are broken by the solution. The supersymmetric version of the above flux background are also known explicitly, but they break the Poincaré symmetries of the 7-dimensional metric [38, 43] . We note that the supersymmetry breaking featured in the flux background (2.5) is nothing but a T-dual to the well-known supersymmetry breaking in IIB supergravity with warped Calabi-Yau geometries [44] for which the ISD three-form fluxes have a non-vanishing (0, 3) piece [45, 46] . Although the flux background is regular at r = 0 it possesses a curvature singularity at r = r 0 = √ 6v/(g s M ). This singularity can be interpreted as the backreaction of a localised O6 plane which we discuss in some detail in Appendix A.
Let us now consider a more general Ansatz which could describe backreacting D6-branes. This Ansatz was discussed in detail in [17] and in Einstein frame is given by
where 3 is the Hodge star including the conformal factor e B(r) . The useful aspect of D6-branes is that their backreaction can be described using ODE's and the form of these ODE's was discussed and analysed in detail in [14, 17, 18, 47] . The only aspects we need here are the following observations made in [17] :
1. The equations of motion imply that at any regular point in the geometry the sign of α equals the sign of its second derivative α : sgn α = sgn α .
2. The derivative of α near the source at r = 0 is determined by its charge: sgn α = sgn Q.
3. If the anti-brane has confined backreaction effects then the solution should asymptotically approach the BPS solution (2.5). This implies that asymptotically α > 0.
4. Regular H 3 flux at the source near r = 0 requires α(0) = 0.
It is easy to show that these conditions cannot all be satisfied simultaneously if there is a source with negative D6 charge at the origin. It was shown in [14] that the D6-branes do not polarise into D8-branes, which could have resolved the singularities as shown for supersymmetric D6-branes in AdS 7 [47, 48] . 5 So we are left with the NSNS channel that proceeds to the polarisation into KK5-branes. The would-be polarised state of KK5-branes with D6 charge which we discussed below should be captured by the same Ansatz if we assume that the KK-direction of the monopole is an isometry direction. And so the polarised state would again be plagued with the same singular behaviour. We are therefore seemingly left with the option that perhaps the singular H 3 -flux is contained within a string length from the origin and should be dealt with using brane effective field theory. It was shown in [39] that for large g s p and M the flux clumping extends a macroscopic distance away from the singularity causing perturbative brane-flux decay. However, as we show below this conclusion missed one crucial option which the probe computation reveals; the polarisation into KK5-branes creates a meta-stable state with exactly zero anti-brane charge Q 6 = 0. Let us emphasise that the meta-stable state is still there, but due to the interaction of the polarised KK5-brane with the surrounding flux cloud, the charge of the polarised state vanishes. In this case the no-go theorem reviewed above is evaded and there is no argument agains finding a well-behaved supergravity solution. We will provide numerical evidence that such solutions exist. Before doing that we first review and improve upon the probe computation of [39] for studying brane-flux decay of D6.
D6 → KK5 polarisation
Let us now consider the insertion of p probe D6-branes into the flux throat solution described in the previous section. We make sure that p/M 1 so that their backreaction can in principle be ignored. Some details of how D6-branes (in the background under consideration) decay were explained in Ref. [39] and here we will improve on that understanding. Let us briefly recall the main idea. D6-branes polarise into a pair of KK5/KK5-branes, which can be understood as five-branes that are smeared over a circle inside the D6 flat worldvolume. This circle will be parametrised by the coordinate ψ ∼ ψ + 1 and then we will have that ds 2 7 = ds 2 6 + dψ 2 . As we will see in more detail later, the KK5 dipole carries an amount of D6-charge which depends on the relative distance between the brane and the anti-brane. Initially the charge is −p when the branes are on top of each other and M − p when they find each other again at the other side of the circle, as illustrated in Fig. 1 . We want to know if the KK5 dipole finds a meta-stable state other than the true vacuum. To this aim, we will follow the approach of [2] which basically consists of computing an effective potential for the degrees of freedom of the system, which are scalars parametrising the positions of the branes in the transverse directions, and check whether it has a minimum or not. Since these probe potentials are invariant under T-duality, we find it convenient to work in the T-dual frame, where D6 and KK5-branes are mapped to D5 and NS5-branes respectively.
Effective potential for the NS5 dipole
First of all, let us write the T-dual version of the background presented in (2.5), which is (in string frame)
3) where˜ 4 is the Hodge dual with respect to the unwarped transverse metric and S is the same function as in (2.7). D5-probes inserted in this background feel a force that pushes them towards r = 0. Taking this into account, it is clear that the degrees of freedom are only the scalars parametrising the position of the branes in the ψ direction, that we denote by Ψ ± . The effective action describing the dynamics of the NS5/NS5 pair would be the sum of three contributions 6) where [8, 39] S ± = −µ 5
and g 6 is the induced metric on the worldvolume W 6 ± of the corresponding brane. The fields G ± are worldvolume scalars taking the following values
The origin of the terms supported by G ± is explained in reference [8] and can be understood as originating from a series of T-dualities from the NS5 action used by KPV [2] . As such, we have the same issue here as in KPV where our dynamics is strongly coupled, hence we can only hope to derive features that are qualitatively reliable. We can motivate this further by referring to the recent computations for the polarisations potentials using the blackfold approach, but we postpone that to the discussion section 5.
The last term S int is an interaction term that takes into account both gravitational and Coulomb interactions. We will discuss it later.
Let us evaluate the action (3.7) on the background. Starting with the DBI terms we get
Notice the explicit appearance of the parameter v which is a remnant of the function S defining the flux background evaluated at the origin r = 0. Here, the ellipsis stand for higher-derivative contributions that we shall ignore from now on. The evaluation of the Wess-Zumino terms yield
In the above expression it is manifest that the effective D5-brane charge is a function of the relative distance ∆Ψ = Ψ + − Ψ − between the pair, being −p the initial charge ∆Ψ = 0 and M − p when they meet together at the other side ∆Ψ = 1. Since the 6-form RR potential is given by
we can simplify the Wess-Zumino action as follows:
It is well-known that in the description of brane-antibrane dynamics, tachyon condensation [49] plays a crucial role when the branes are sufficiently close, as it is our case here. In reference [39] this was ignored and as we will explain now, the tachyon dynamics is crucial in getting a complete picture.
The NS5-NS5-brane pair we are considering is not a pair of pure NS5-branes but they carry D5-brane charges and so we should recover the action for p D5-branes when ∆Ψ = 0, where the branes are coincident. Instead, what we have is
which does not vanish for p = 0. This is because of the "1" in the square root. We can cure this by taking into account the dynamics of the tachyon field [49, 50] , which effectively allows us to remove the "1".
Recall that in the case of a D-brane anti-D-brane pair in close proximity, the dynamics of the complex tachyon field T is dictated by the potential:
where L is the distance between the brane and the anti-brane. The qualitative features of the tachyon potential depends crucially on the distance L, see Fig. 2 . We have two situations:
• L < 1. This corresponds to the situation where the branes are close enough to annihilate each other into closed string radiation. The potential is a runaway towards |T | → ∞, the true vacuum where V → 0.
• L > 1. This in turn corresponds to the case when the branes are far enough so that the system has a meta-stable state at T = 0 (which is not the true vacuum). Indeed, expanding the tachyon potential
we can see that the mass of the tachyon field is positive in this limit. Now we need to include this tachyon potential in our previous description of the dynamics of the NS5 dipole. Although tachyon condensation has only been studied in the literature for D-branes, we expect on physical grounds 6 that the tachyon potential should replace the 1 in the square root appearing in the DBI term (3.7). The new form of the combined action is then
where we have omitted the kinetic term for the tachyon as it does not play a role in our discussion. The parameter L in the potential then can be traded for the physical distance between the pair of NS5-branes. Note that when L < 1 the tachyon potential is runaway and is therefore the tachyon remains in the true vacuum |T | → ∞. This in turn implies that the tachyon potential vanishes V (T ) → 0. This is certainly the case for probe D5-branes which polarise to a pair of NS5-branes that are not separated by a large distance. As the NS5-brane pair moves away from each other it can happen that the tachyon potential develops a meta-stable minimum, but that is not relevant for our situation since the tachyon can consistently remain in the true vacuum for all values of ∆Ψ. We therefore conclude that the effect of the tachyon is simple, it just removes the "1" in the square root. This is the crucial observation that was missing in reference [39] . It at the same time justifies the computation carried out in [39] in which the "1" in the square root was simply ignored.
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As already mentioned earlier, the NS5-brane actions we are using is derived using type IIB S-duality and is therefore valid at strong coupling. We are on the other hand interested in the polarization potential at weak coupling. In a similar manner, the tachyon dynamics described here is not expected to be under control, and we can only possibly expect for qualitative features to remain true. For the remainder of the computation we do not rely on any detail of the tachyon effective action aside from the qualitative feature that at small enough ∆Ψ the tachyon is in its true vacuum such that the first term in the DBI square root vanishes. As a consequence we recover the action for p D5-branes when the NS5-NS5-brane pair coincides.
So with the tachyon in its true vacuum, the full effective potential for ∆Ψ is
where we included an interaction potential that corresponds to the energy required to separate the NS5-NS5 pair, while being in the true tachyon vacuum. In [39] this interaction term was computed assuming the gravitational force between a NS5-NS5 in flat space. But this assumes one is in the meta-stable tachyon vacuum, which is not relevant here. Luckily we only need a non-zero force that is not too big in order to find a meta-stable state at
as long as p/M < 1/2. The crucial aspect is that this meta-stable state carries exactly zero D5-charge since:
19)
7 For D-branes polarising into larger branes, meta-stable states always form in a regime where the first term in the square root can be ignored. However, if one checks the details of the meta-stable state of [39] it exactly appears where that term could not have been ignored. This was left unnoticed in [39] and a main point of this paper is to show that when the tachyon is included one obtains a justification for putting that term to zero: it is simply because the tachyon remains in the true vacuum throughout the polarisation. 8 The effective potential also depends on the combination Φ ≡ Ψ + + Ψ − . However, we have set Φ = 0 in Eq. (3.17), which is a valid simplification for our purposes since the meta-stable state is always there.
which can be read off from e.g. Eq. (3.10). This meta-stable state exists as long as
(3.20)
We want to emphasize once more that the actual details of the interaction potential are completely irrelevant to arrive at the sharp prediction Q = 0. The only thing we require is a force between the NS5-NS5 pair that is not overly big, meaning it satisfies (3.20) . We have explicitly checked that using the classical interaction potential, assuming no tachyon condensation we can even satisfy this inequality easily. Clearly that is a major overestimation since it does not take into account the way the NS5 tension vanishes towards the true tachyon vacuum. The only possible source of worry is that there is no interaction potential at all. We have no explicit computation to show there must be a potential, but on physical grounds it would be highly surprising that one could seperate the NS5-NS5 pair without some energy cost. We conclude that the most interesting fact of our whole set-up is that we only need some non-zero force, whose details are irrelevant to arrive at the fact that the meta-stable state lives at exactly Q 6 = 0 (or better Q 5 = 0 in our T-dual framework). This very robust feature of our set-up is what makes us confident about the Q 6 = 0 prediction.
Remarks on regular solutions
We have argued that the no-go theorems against the existence of backreacted solutions with regular H 3 -flux are evaded in a peculiar way predicted by our probe computation because the polarised state has exactly zero anti-brane charge.
In this section we discuss numerical solutions to the general Ansatz (2.8) which we argue to describe the polarised KK5 state at r = 0. Before doing so we must discuss the UV singularity of the flux throat solution which we briefly mentioned below Eq. (2.7). In Appendix A we argue that the singularity can be interpreted as the backreaction of an O6 plane sitting in the UV. This interpretation implies that proper quantisation of charges pushes the solution out of the supergravity regime. As a proper supergravity solution the O6 plane charge must take non-standard value such that fluxes can be large and the solution is under control. This is probably not consistent microscopically since orientifolds cannot be stacked.
Alternatively the background should be interpreted as a non-compact solution with a singular UV. This is likely the most fruitful interpretation in light of the numerical solutions presented below. The reason is simple, but worth spending some time on. Recall that without the anti-branes the compact flux solution is of the "no-scale type", by which we mean that a particular combination of dilaton and volume is massless. This can be traced back to the well-known no-scale properties of IIB compactifications to four-dimensional Minkowski space with 3-form fluxes [44, 51] , to which our solutions are T-duals of [45, 46] . This means that once we add the anti-branes, without the extra ingredients to stabilise the moduli, we expect an effective potential in seven dimensions that is runaway in what used to be the modulus direction. In compactifications to four dimensions this is remedied by the KKLT [4] or Large Volume Scenario stabilisation method [52] . Note that this was not an issue encountered in the KPV construction of D3-branes in the Klebanov-Strassler throat. This is because the KS throat is non-compact and the energy of the D3 can escape to infinity. In the compact case the energy has nowhere to escape to and so it curves the four-dimensional space, or rather, it leads to time-dependence. Since we are not aware of a moduli-stabilising ingredient in seven dimensionsà la KKLT we stick to the non-compact scenario of KPV. This means, similar to D3-branes in the KS throat, that supersymmetry breaking with D6-branes does not curve the 7D worldvolume but instead the energy of the D6 is pushed into the UV singularity.
We conclude that the singularity in which the flux throat "ends" is not per se unphysical. One sign of that is the fact that it can be seen as an orientifold singularity when the numbers K and M take specific values and that for some of those values the whole flux throat can be seen as compact. However for the sake of studying meta-stable D6 supersymmetry breaking it is necessary to not have a compact throat. This means that one should not consider the singularity as the end of the throat.
Numerical solutions
A probe computation has revealed that D6-branes polarise into a KK5 dipole that carries exactly zero (D6) charge. This is quite remarkable and seems a way to evade the no-go theorem of [17] for solutions with infinite flux-clumping. However, we can say more. In the appendix of reference [18] it was found that, off all possible (singular and regular) boundary conditions at r = 0 only two options exist that can lead to well behaved solutions:
1. Solutions with actual D6-branes at r = 0.
Solutions without any localised tension or localised (anti-) D6 charge.
Clearly the first option is not what we want, since it would rather describe the end-point of brane-flux decay and not a meta-stable state. Option 2 naively seems to correspond to the empty flux throat, prior to the insertion of anti-branes. But that is not the only possibility. In fact it is exactly the boundary condition expected for our meta-stable system. We already argued that the charge has to vanish exactly. The absence of any localised tension is also predicted by the probe computation since it is a property of KK monopoles, they are locally smooth solutions without associated delta-functions that provide tension. Normally KK monopoles come with off-diagonal metric terms that cannot be gauged away, but we are describing KK5 dipoles that are parallel to each other and pointlike in the 3D space. Hence the off-diagonal terms could arguably be gauged away.
We now proceed with presenting numerical evidence that shows the presence of nontrivial solutions with the second boundary condition that passes non-trivial tests for being the meta-stable state found in the probe.
For the sake of numerics it is useful to rewrite the general Ansatz (2.8) to the form of the Ansatz in Eq. (2.5) for the empty throat solution (in string frame)
where we have also reinstituted the integration constant S
l , called α 0 in e.g. [17] , that corresponds to a constant shift of the C 7 potential. When all functions S x := {S a , S b , S f , S l } are identified the expressions reduce to Eq. (2.5). The equation of motion for this Ansatz provide five independent equations: The F 2 Bianchi identity, the dilaton equation of motion, and Einstein's equations along the diagonal components of the world-volume, r, and angular directions. From the result of [18] , 9 we have that the boundary condition is given by
Numerically this boundary condition is not useful because the equations of motion are singular at r = 0. This means that we must instead obey the above approximately at some point r = for some small . Such a choice of approximate boundary conditions is furthermore restricted by the equations of motion. Since we have four functions and five equations of motion, one equation can be written as an algebraic equation in S x and S x , which therefore impose a constraint on the boundary conditions we can choose. By a naive counting we then have three degrees of freedom: Three of the S x can be fixed by hand, while the last one is determined by this algebraic constraint, and S x are chosen to be numerically small. In fact, these boundary conditions imply that the force of a probe D6-brane is zero in the IR, so we will also minimise the force there to keep the S x small since it is not enough to keep the algebraic equation solved. We will return to mention some details about the implementation of this shortly. A numerical solution obtained from solving this system of ordinary differential equations has to meet some criteria. First of all a solution is unique given a set of boundary conditions, but we have an algebraic constraint that not only have to be solved at the boundary as already mentioned, but throughout the full solution. Secondly, the solution we find should have a UV (large-r) behaviour that is the same as that for the BPS solution, Eq. (2.7). This means that all S x should go to zero at the same point for large r. Thirdly we are looking for a solution that would display some polarised D6-brane remnant at r = 0 which we translate into a force towards r = 0 for a probe D6-brane. We furthermore demand that this force vanishes towards the UV singularity since there the solution should look like the empty throat where D6 probes feel no force. Alternatively one could argue that the UV singularity is like an O6-plane, which exerts no force on a D6-brane.
We are able to produce solutions that obeys all of these criteria, and we present one such solution here. The solutions are derived using the Julia programming language [53] , in particular using the DifferentialEquations.jl package [54] . This solution is given by the boundary conditions = 0. These boundary conditions are derived by choosing S l | r= ≈ 0.6 by hand, and all other boundary conditions to the BPS values at r = , as a starting value for a local search that solves the algebraic equation, as well as minimises the zero-force condition. The local search is performed by the Optim.jl package [55] . The detailed derivation of the equations of motion, and the implementation that results in this solution can be found in [56] .
The function profiles can be found in Figure 3 . From this figure we can see that all of the functions terminate at S x = 0 for large r. To demonstrate that this solution satisfies the criteria we set out previously, we also present Figure 4 . There we see that the algebraic equation is fairly well respected throughout the solution, and we also have a probe D6-brane potential that slopes towards small r as it should. The force expression is singular in the UV, so we have in Figure 4 instead chosen to plot an expression that is regular in the UV but has the same zeroes as the force, that is, up to 1/S x divergences. The plotted expression goes to zero at the UV, however some more analytical control is needed here to establish the zero force more firmly, as it is numerically plagued by 1/S x singularities to various powers. In the same figure we also show the flux-clumping of H 3 , which in the BPS solution would be identically 1 for all r, but here we can see that the flux has clumped around r = 0 and drained from the UV, and has a regular profile.
We find that this solution is consistent with the expectations of a non-BPS solution corresponding to the supergravity solution of a polarised D6-brane remnant at r = 0, and that it is numerically reliable. Certainly it would be interesting to see this realised analytically, even if only as a perturbation in the UV. We however leave this for future work.
Discussion
We have revised the results of [39] regarding the meta-stability of D6-branes in massive IIA string theory. Our main result is that D6-brane probes polarise into meta-stable KK5 bound states that carry exactly zero D6 charge. As a consequence the no-go theorems of [17] against the existence of well-behaved backreacted supergravity solutions can be evaded and there is no obvious reason to doubt the meta-stability of anti-branes.
Furthermore, using the results in the appendix of reference [18] we observe that a KK5 dipole without D6-brane charge is the unique supersymmetry-breaking source that can be introduced that does not imply an unphysical singularity. It is quite remarkable that a probe computation gives exactly that result. We have also presented numerical solutions with given sources as boundary conditions and they behave in the correct way in order to interpret them as the backreacted meta-stable states, although more detailed checks are probably possible and we plan to investigate this further in the future.
We believe that this closes a gap in the literature on anti-brane supersymmetry breaking. To our knowledge there is no where singular fluxes could threaten the meta-stability of the probes, since this was already established for D3-branes, M2-branes and Dk-branes with k < 6 in [31, 33] and now we established this for k = 6.
However, some caution is required. The main shortcoming in our paper is a proper derivation of the brane polarisation potential. This issue plagues almost all probe computations that are used in understanding brane-flux decay and the key problem is the strongly coupled nature of the probe action. In fact, if one wants to work in the supergravity regime, like we do, where g s p 1 there is no true "probe approximation". Instead a different formalism has been developed known as the blackfold approach [57] [58] [59] . This approach is perfectly suited for understanding the dynamics of branes in the regimes we are looking at, since by construction it applies to the backreacting supergravity regime. Rather strikingly it was shown for D3-branes in [60] and for M2-branes in [61] that the blackfold approach gives the identical critical points (and potential) as computed by the classical, yet strongly coupled, probe actions. An extra important virtue of the blackfold approach is that it allows to study the dynamics in presence of blackening factors. The results of [60, 61] imply, amongst others, that anti-brane meta-stable states survive only a finite amount of temperature before getting destabilised, as expected on general grounds. We suspect that similarly the blackfold approach applied to D6-branes will lead to identi- cal results as the probe computations carried out in this paper and this is probably how "supergravity knows" to evade any clash between probes and singularities. Together with our numerical analysis we therefore feel encouraged to trust our heuristic motivation of the probe action.
For the purpose of constructing holographic duals to dynamical supersymmetry breaking, the supergravity regime is particularly relevant. The non-trivial AdS/CFT checks in [62] [63] [64] [65] (which partly rely on [25] ) so far confirm that anti-brane meta-stable states are indeed dual to dynamical supersymmetry breaking 10 . However the issues raised in [35, 36, [40] [41] [42] should still be understood completely.
At first sight it seems that for the sake of cosmological model building a supergravity treatment of backreaction should not be of interest since the supergravity regime (large g s p) is not relevant in that context. Certainly this is the case for D3-branes in the KKLT scenario [4] where one has to rely on the arguments of [29] that apply in the stringy regime. Concerning classical dS solutions with O6 planes in massive IIA it was argued in [66] that D6-branes could be the crucial ingredients to evade the ubiquitous tachyons in these scenarios [67, 68] . Interestingly, relying on the results of [69, 70] one can infer that the only obvious way to evade strong coupling problems of the flux background is to cook up a geometry with a large amount of O6 planes, which in turn requires a large amount of D6-branes. This forces the D6-branes into the classical supergravity regime. If geometries with large O6 plane charge are to be found in the future, then our findings imply that the problem of possible direct brane-flux decay, due to backreaction of the sources, is not a concern.
the fields have the correct local behaviour such that the singularity can be interpreted as an O6-planes singularity.
Let us first rewrite the solution (2.7) in a more convenient way as follows:
The solution has a peculiar singularity for r → r 0 . In order to examine the local behaviour of the singularity we expand around it, by introducing a new local coordinate x: r = r 0 − δr with (δr) Here we see that the local structure of the singularity of our flux background in (A.3) has exactly the same local form as the near-singularity expansion of an O6-plane. The same holds true for the other supergravity fields with the exception of the NSNS three form H 3 and the Romans mass parameter. We would therefore like to interpret the flux background as a Minkowski compactification on a three-dimensional orientifold. This is similar in spirit to the GKP background which are four-dimensional compactifications of type IIB supergravity on Calabi-Yau orientifolds. In order for this interpretation to make sense we must ensure that fluxes can be quantised at the same time as cancelling the tadpole. The volume of the unwarped manifold is just that of a ball of radius r 0 : V = 4πr Flux quantisation for the solution at hand this means M ∈ Z and
The quantisation of F 2 is not required since the quantised charge is the Page charge which is the integral of F 2 − M B 2 which is identically zero for our background. The orientifold charge itself must of course be that of a string theory O6-plane which is 2 = N O6 ≡ lim r→r 0
Hence both M and K are bounded by 2. This does show that the tadpole condition is satisfied. A typical problem with stabilised backgrounds supported by O-planes is that they will not be in controllable regime of string coupling constants. This is also the case here. In order for our supergravity background to be trustworthy we must make sure the dilaton and curvature are small. Close to the regular point r → 0 these take the form e 2φ r→0
These can at best be 1/2 because of (A.13) which pushes the solution outside the regime of validity of supergravity because the numerical factors we have dropped are of order 10. The way around this problem is to consider O6 planes which carry a large D6-brane charge. These are of course not the proper O6-planes in string theory but the solutions may still be worthwhile to study. One question that remains is what is the underlying manifold? A possible answer is that it is simply R 3 with a Z 2 action: r → , that renders the manifold compact.
